This study applies a traffic exhaust air dispersion model (the ExTra index) to 403 children enrolled in a French multicentric case-control study, the VESTA study (Five [V] Epidemiological Studies on Transport and Asthma). The ExTra index (previously validated by our team) was used to assess lifelong average traffic-related air pollutant (TAP) concentrations (nitrogen oxides) children in the study were exposed to in front of their living places. ExTra index took into account traffic density, topographical parameters (building height, road and pavement width), weather conditions (wind direction and strength) and background pollution levels. Topographical and traffic data were collected, using a specific questionnaire for each home, school or nursery address, attended by children. The assessment of time-weighted NO x levels in front of the children's living places highlighted significant disparities: mean ExTra index values and share attributable to proximity traffic were, respectively, 70742 and 14722 mg/m 3 NO x equivalent NO 2 for the 403 children in our study. Not only would this diversity not have been revealed using urban background pollution data provided by air quality networks, it would have resulted in 40% of the children being misclassified with regard to their TAP exposure by underestimating it in half of the cases and overestimating it in the other half. Such errors of classification, which are highly prejudicial in epidemiology, argue strongly for the use of an index such as the ExTra, which enables TAP exposure to be reconstructed within the framework of retrospective or prospective epidemiological studies.
Introduction
The importance of automobile exhaust as a major source of air pollution in urban areas necessitates a specific tool for epidemiologists to determine exposure that will accurately determine the effects on health of traffic-related emissions, and limit any possibilities of misclassification.
Epidemiological studies on automobile exhaust, carried out over the last few decades, have generally used surrogates to assess exposure (Huang and Batterman, 2000; Reungoat et al., 2004) : self-reported or measured traffic density, selfreported or measured distance from the home to the nearest street or both sets of information, traffic density and distance. Only four teams Pikhart et al., 2000; Hoek et al., 2001; Brauer et al., 2002; Gehring et al., 2002; Hoek et al., 2002; Brauer et al., 2003) had recourse to statistical regression models to estimate exposure to traffic air pollutants (TAP). Moreover, pollutant dispersion models have been developed to improve the estimate of exposure levels (Hertel and Berkowicz, 1989; Benson, 1992; Eerhens et al., 1993; Berkowicz et al., 1994) , but they have rarely been used in epidemiology (Larssen et al., 1993; Pershagen et al., 1995; Bartonova et al., 1999; Clench-Aas et al., 1999a, b; Briggs et al., 2000; Clench-Aas et al., 2000; Nyberg et al., 2000; Pikhart et al., 2000; Raaschou-Nielsen et al., 2000; Bellander et al., 2001; Raaschou-Nielsen et al., 2001; Zmirou et al., 2002) .
This study used an air dispersion model of traffic exhaust (the ExTra index) (Sacre et al., 1995) in a French multicentric case-control study, the VESTA study (Five [V] Epidemiological Studies on Transport and Asthma). Methods and results of this assessment are discussed. The ExTra index, produced by the French Scientific Center for Building Physics assessed the lifelong average TAP concentrations children included in the study were exposed to, in front of their living places. It has been previously evaluated by our team (Reungoat et al., 2003) by carrying out measurements in four French cities. We compared nitrogen oxide concentrations (NO x ) measured over 6 weeks with passive samplers, and NO x calculated concentrations using the ExTra index, at 100 street canyons sites. The study took into account traffic density, topographical parameters (building height, road and pavement width), weather conditions (wind direction and strength) and background pollution levels. There were highly significant correlations (0.90 in Grenoble, 0.95 in Nice, 0.89 in Paris and 0.89 in Toulouse) and good intraclass correlation coefficients (0.75 in Grenoble, 0.91 in Nice, 0.89 in Paris and 0.86 in Toulouse) between the two series of values.
Materials and methods

Study Population
In the VESTA study, 403 children from 4 to 14 years of age were included, from five French cities: Clermont-Ferrand, Grenoble, Nice, Paris and Toulouse, between March 1998 and December 2000. The design of the study is described elsewhere (Zmirou et al., 2002) . Matching criteria between cases and controls are city, age (71 year) and gender. The numbers of children recruited in each city are, respectively, 38 in Clermont-Ferrand, 68 in Grenoble, 84 in Nice, 108 in Paris and 105 in Toulouse. The distinction between cases and controls is outside the remit of this paper.
Calculation of Nitrogen Oxide Concentrations by the ExTra Index
The ExTra index, produced by the French Scientific Center for Building Physics (CSTB) and the French National Institute for Transport and Safety Research (INRETS), estimates ambient concentrations of traffic-related pollutants such as nitrogen oxides (dioxide NO 2 þ monoxide NOÀNO x ) in front of the living places of urban dwellers (residence, work place, day-care center or school). These estimates, combined with an inventory of all moves (home and/or school) and time-activity diaries, enable lifelong (since birth) exposure to these pollutants to be assessed. Thus, the ExTra index, which was calculated for each child included in the VESTA study, is a time-weighted average index from birth date to study date. For each child, it can be divided into partial indices corresponding to each period of life defined by the maximum duration during which there was no change of residence or of nursery/school.
Calculated NO x concentrations have two components: a regional component corresponding to the background pollution, and a local component ''proximity traffic''. This locally generated pollution is modeled according to traffic conditions in the home street and in a busier street crossing the home street up to 50 m on either side of the residence, and local dispersion conditions, that is, topography and meteorology. The ExTra index contains two dispersion modules, the Danish OSPM model (Operating Street Pollution Model) used for street canyons that are bordered on one or both sides by a row of buildings or detached houses and the CALINE3 model (California Line Source Dispersion) used for open spaces, near roads and highways. The latter was not used in our study conducted in cities. The model ignores traffic density in nearby busy streets that do not cross the home street because it is considered that the buildings separating these streets prevent the air pollutants circulation in canyon streets. It is the same phenomenon that explains the zero local contribution for living places overlooking the courtyard (interior square in a building).
In the OSPM model, formulated by Hertel and Berkowicz (1989) , concentrations of a pollutant are calculated using a combination of a plume model for the direct contribution, and a box model for the recirculating part of the exhaust gas. Furthermore, it is based on partitioning the street into two sections according to wind direction: (i) a return flow downwind of the street and (ii) a direct flow upwind of the street. Sacre et al. (1995) have improved the OSPM model in order to account for cases where there are wide sidewalks or buildings of differing heights.
The ExTra index is calculated by software using basic data, topography and traffic data.
Updating ExTra Basic Data
The basic data necessary for calculating the index, background pollution, meteorology and traffic emissions were first updated.
Background pollution We calculated the average background NO x concentrations in each city for each year of the study period. For this purpose, we used the urban background monitors: fixed site area monitoring stations set up by the network of each studied city for long-term air quality monitoring. Only central background stations that measured the maximal background level were considered during the study period. Four stations were used in Paris (those of 7th, 12th, 13th and 18th districts), three in Clermont-Ferrand (Downtown area, Delille and Montferrand), two in Grenoble and Toulouse (respectively, Saint Martin-d'He`res and Villeneuve, Berthelot and Mazades) and only one in Nice (Cessole). These concentrations were expressed in mg/m 3 equivalent NO 2. The length of service of the networks did not guarantee a complete data set of NO x measurements over all the study period (from 1985 to 2000) . We therefore applied extrapolation methods to the oldest networks, using Paris and Grenoble as reference, in order to determine the annual pollutant trends. These were then applied to the other networks, to replace missing data.
Decreasing radius for background pollution The ExTra index, based on the OSPM model, uses a decreasing radius, the background concentrations decreasing with the distance from the center of the city. This radius depends on the size of the towns and was determined by each air quality network according to statements from local experts. Its value is equal to 7 km in Clermont-Ferrand, 10 km in Grenoble, 8 km in Nice, 32 km in Paris and 9 km in Toulouse. The hypothesis that day-care centers and schools are located in the same geographical area as residences was formulated and checked, and a single frequency table was considered by the pairing ''residenceFnursery/school''.
Meteorology
Traffic emissions NO x emissions were automatically defined as a function of traffic, type of street (highway or urban road) and year, all in accordance with the INRETS table of values, as first described by Joumard and Lambert (1991) , the French team of the European program Copert3 that provides updated emission models for Europa (http:// vergina.eng.auth.gr/mech/lat/copert/copert.htm).
Collecting Topographical and Traffic Data
Finally, the average time spent by children in each day-care center or school was noted and expressed in hours per week.
Topography The description of the living places of children was first performed using a specific questionnaire. In each city an investigator visited each child in the survey to interview his (her) parents. The latter were asked the precise addresses (number, street, postal code and city) of all their children's living places (residence, day-care center, nursery or school), the periods their children attended these places, the configuration of these locations (only overlooking the courtyard or overlooking the street), the description of the buildings corresponding to the living places and the buildings facing them (number of total floors), the height of the living places, the width of the pavement expressed in meters and the number of parking and traffic lanes. The heights of buildings and living places were estimated by multiplying the number of floors by 4 m for buildings built prior to 1940 and by 3 m for more recently constructed buildings. Most of the abovementioned characteristics also had to be assessed for streets having a greater traffic density than the home street and crossing the home street up to 50 m on either side of the residence.
This data collection was supplemented by the examination of traditional maps (scale: 1/15,000 or 1/12,500) and cadastral maps, both centered on each living place. Topographical data determined from the map of the city consisted of (1) the coordinates of the site in relation to a reference grid which represented the center of the agglomeration (Notre-Dame Cathedral in Paris, the Town Hall of Clermont-Ferrand, Grenoble, Nice and Toulouse); (2) the direction of the street defined in relation to North, the angle of a street oriented northwards being 01, East 901 and South 1801; (3) the left and right sides of the street, the longitudinal axis of the street always being considered as pointing East. The distance from the living places to the center of the city was calculated from the coordinates. Cadastral map extracts enabled precise measurement of the various widths of roadways, pavements and parking areas, as well as all other areas (parks, tramways, etc.) between the studied site and its opposite building.
Traffic The average daily traffic density in the nearest street to the site and if relevant in the busier street crossing the home street as above-mentioned was measured by counting or modeling, and provided by the municipal or departmental Highway Services. In the absence of numerical data, local experts indicated whether the traffic was low, moderate or high, and the software used an intensity of 100 vehicles per hour (v/h), 750 v/h and 1500 v/h, respectively for these categories of traffic volume.
This average daily traffic density was weighted by a night or diurnal coefficient, which represented the share of the average daily traffic circulating during the night in front of the residence (example: 17-8 h) and during the day, in front of the school (example: 8-17 h). It was calculated from the average flow of vehicles circulating at these hours on 28 Parisian roadways for which hourly counting were available (Coignard, 1999) .
Statistical Analysis
For each child, the ExTra index was calculated over the study period in mg/m 3 NO x (NO þ NO 2 ), and expressed as mg/m 3 NO 2 (and so named equivalent NO 2 ); in addition, the share attributable to proximity traffic was estimated by lowering the level of background pollution in the model to zero. Distributions of the ExTra index, the share attributable to proximity traffic, and the proportion of this share with reference to the local level of background pollution, have been described in terms of averages and quartiles.
Topographical and traffic characteristics of the different places of residence on the one hand, and of the different daycare centers or schools on the other, have been summarized for each child over the study period by minimal and maximal values. Distance to traffic, distance to the opposite building, height of the living place and distance to the center of the city have all been taken into consideration. The time-weighted average of traffic density was calculated, and the depth of the street, which governs pollutant dispersion, was estimated by the minimal value of the building height in a street compared to the total width of the street.
The lifelong topographical and traffic characteristics of the different locations as previously defined were compared with regard to their mean (variance analysis) by classes defined according to the quartiles of the ExTra index distribution. Student-Newman-Keuls multiple tests of comparisons were carried out.
Lastly, we analyzed whether children would be identically classified with regard to their exposure to TAP using the ExTra index or only concentrations measured by the air quality networks. For this purpose, the distribution of children according to ExTra index values, and the distribution according to background concentrations estimated by networks, were compared in terms of tertiles. The agreement was assessed by the test of Kappa; the Mac Nemar test evaluated the symmetry in the classification errors.
Results
Topographical and Traffic Data
Over an average duration of 21157977 days, each of the 403 included children had experienced, on average, 3.271.3 periods corresponding to a change of residence and/or nursery or school. Among these children, only 66 always lived in locations that only overlooked the courtyard (residences and schools).
Among the 337 remaining children, the percentage of time spent in the residences overlooking the courtyard was 27.0739.0%, whereas the corresponding percentage for day-care centers or schools was 60.0733.5%. The mean time-weighted traffic density was 1557227 v/h in front of the residence and 1877289 v/h in front of the place of day care or schooling.
ExTra index Values
The ExTra index and the share attributable to proximity traffic are, respectively, on average, 70742 and 14722 mg/m 3 NO x equivalent NO 2 for the 403 children in our study. Figure 1 summarizesFin term of minimum, maximum, averages and quartilesFall the values of the ExTra index and of the proximity traffic. This figure also accounts for conditions when individuals did not always live overlooking the courtyard (N ¼ 337) and when they always lived in residences and nursery/schools overlooking the courtyard (N ¼ 66). Concerning this last configuration, it should be noted that the traffic part of exposure is, by construction, equal to zero. The ExTra values were, respectively, 44.5736 NO x mg/m 3 equivalent NO 2 , 56.5730, 63723.5, 79.5756 and 107731, in Toulouse, Nice, Grenoble, ClermontFerrand and Paris. The proximity traffic share was, respectively, 13.5719.5, 12.5721, 577.5, 34742 and 14717 NO x mg/m 3 equivalent NO 2 in the same cities (Figure 2 ). Tables 1 and 2 give the mean values of the lifelong topographic and traffic characteristics, respectively, for the residences and for the nursery/schools by quartiles of proximity traffic. Children belonging to the top quartile of proximity traffic were exposed to significantly higher timeweighted traffic density and lived in a more pronounced canyon configuration (lowest total width, highest street depth, lowest distance to traffic). The same results were obtained for nursery/school and residence characteristics. The height of living places did not appear to influence the TAP level.
Influence of Topographical and Traffic Characteristics on Proximity Traffic
Classification Errors
Concerning the 403 children, 56% were classified in the same tertiles with regard to the ExTra index and background concentrations. A total of 23% were classified in a lower tertile using data from the air quality networks compared to the ExTra value, and 21% were in a higher tertile. Table 3 gives these results. The Mac Nemar test did not highlight any statistically significant dissymmetry in the classification errors.
Discussion
Methodological Issues
This study is one of the few to reconstitute, by modeling, individual exposure to TAP (Larssen et al., 1993; Pershagen et al., 1995; Bartonova et al., 1999 emissions. What is studied are motor vehicles as a source of exposure, not one or more specific chemicals. This approach is similar to that used to study the effect of tobacco smoke considered as a whole. In a first step, we have evaluated this index with reference to NO x measurements. The choice of NO x relies on three major criteria: traffic specificity of the pollutant in the studied cities (73% of NO x emissions in Grenoble, 66.7% in Nice, 73.5% in Paris and 61% in Toulouse according to the French Regional Air Quality Plans), availability of emission data and ease of measurement (sampling and dosage). That is why we chose to express our results in NO x . The classification of homes and schools, in the same period, with regard to the ambient TAP would be the same for whatever primary pollutant, the dispersion modeling being the same for all primary pollutants. ExTra actually reflects exposure to traffic primary emissions as a whole, using one or another pollutant as an indicator. The model has previously been validated in four of the five studied cities, with the satisfactory results described in the introduction. The ExTra index being developed to evaluate ambient concentrations of TAP cumulated over several years, it was not possible to perform our validation study over such a duration. The period of validation could not on the other hand be too short, as concentrations calculated by modeling are more sensitive to data imprecision over short rather than long periods. We decided therefore to compare measured and calculated concentrations over an intermediate 6-week period. Since the large amount of data necessary for accurate evaluation of the ExTra index (15-20 min per subject) can be corrupted by factors such as memory bias, we took certain precautionary measures. We standardized data collection in the multicentric VESTA study by providing the four investigators with a specific standard operating procedure, and training them to be sure that they conducted the interview in the same way. Difficult cases were individually managed after a staff discussion.
The questionnaires dealt with information relating to the topography of the different places attended by children (residence, nursery/school). To limit distortions arising from poor judgment of the various distances separating the living places from the buildings opposite (pavement, roadway, parks, etc.), or to loss of memory regarding the topographic configuration corresponding to a former place of residence or schooling, we used cadastral maps. Building heights were estimated by the number of floors, with no measurement being taken due to the fact that the ExTra index validation study (Reungoat et al., 2003) has shown that the age of the building together with the number of floors is sufficient to estimate building height. Even in the case of an individual mistakenly reporting the number of floors, it is unlikely that they would be wrong by more than one or two floors, in which case this would not significantly affect the ExTra index, as shown in our previous sensitivity analyses. Vignati et al. (1997) also studied the sensitivity of the OSPM model to topographical data precision. They found that modeling results obtained on the one hand with optimal data about street configuration, and on the other hand with configuration self-evaluated by individuals, led to mean hourly pollution levels with R 2 reasonably equivalent, the measurements being, respectively, 0.88 and 0.79. Basic data were updated by specialized institutions. When measured background NO x concentrations were not Retrospective assessment of exposure to traffic air pollution Reungoat et al. available, especially in the first years of the children's lives, we were obliged to extrapolate the levels from the pollutant trends registered in the oldest networks of Paris and Grenoble. As a preliminary we verified the time stability of each network's annual concentrations against those of the two reference networks.
The air quality networks also provided us with the decreasing radius for each specific of the studied agglomerations. OSPM model assumed a decrease in pollutant levels concomitant with an increasing distance from the center of the town, as hypothesized by several authors (Krochmal and Gorski, 1991; Eerhens et al., 1993; Raaschou-Nielsen et al., 2000) . In Paris, this radius could be estimated from modeling based on measurements carried out at different locations and seasons. Elsewhere, such radii were issued by local experts who also used results of measurements, but without conducting statistical modeling. These radii, although empirically established, appear to be consistent, being correlated with the population densities of the studied cities (Spearmann correlation coefficient of 0.80).
Traffic data obtained from either counting or modeling were nearly always available for moderate to high traffic densities, but difficult to obtain for low traffic volumes. The OSPM model, therefore, used an arbitrary intensity of 100 v/ h. The sensitivity analysis carried out during the ExTra index study of validation (Reungoat et al., 2003) attested the stability of the ExTra estimates with various thresholds of weak traffic (50, 150, 200 and 250 v/h ). In addition, nychthemeral variations in traffic flows were taken into account. These variations are of primary importance, especially in short-term exposure to TAP assessment as underlined by Raaschou-Nielsen et al. (2000) . We weighted the traffic intensities by a diurnal and nocturnal coefficient. These coefficients were deduced from hourly countings available for 28 Parisian roadways divided into four categories: o5000 v/day (d), between 5 and 10,000 v/d, between 10 and 20,000 v/d and 420,000 v/d. The proportions of diurnal traffic were very stable with regard to the daily traffic, whatever the roadway category (respectively, 54.9, 55.3, 53.5 and 52.3%), making it possible to apply them to traffic intensities recorded in the provincial cities.
Meteorological data were given to us in the form of tables of average frequency of the wind conditions specific to each studied agglomeration over a 10-year period, thus giving the data a greater stability.
Exposure to Traffic Air Pollutants
We noted significant disparities in values of the lifelong timeweighted ExTra index within the studied population. Indeed, the ExTra index includes values ranging from 10.0 to 320.5 NO x mg/m 3 equivalent NO 2 . This contrast in distribution of the 403 values can be explained by the two components of the index, namely the background pollution level and the proximity traffic.
Thus in the case of a configuration only overlooking the courtyard, the contribution of proximity traffic is equal to zero. However, the ExTra index values can greatly differ from one city to another, by a factor of up to 6, for example between Toulouse and Paris. This is due to the differences in inner city background pollution levels, and the mean distance from the city center. The highest Parisian background levels are attributable to higher road traffic volumes and population density in the area surrounding Paris. Moreover, due to the invariability of background pollution levels up to the ring road, it is necessary to live further away to be less exposed to TAP. Indeed, within an agglomeration, the proximity of the center is responsible for differences in ExTra index levels which can reach 10-20 mg/m 3 , as shown by the standard deviations of the ExTra values related to configurations overlooking the courtyard, in each city. Thus in Toulouse, the children lived on average twice as far from the town center compared to Parisian children.
The contribution of proximity traffic fluctuates according to configuration: in the study sample of 337 children who did not always dwell in schools and homes overlooking the courtyard, it reached 219 mg/m 3 of NO x equivalent NO 2 with a mean of 17723.5 mg/m 3 . If the contribution of proximity traffic is homogeneous in Nice, Paris and Toulouse, it is much higher in Clermont-Ferrand where the recruited children are two or three time more exposed. This value is less important in Grenoble (half of the value registered in Nice, Paris or Toulouse) where children lived further from traffic (both at day care and at residence) and were exposed to weaker traffic densities. Furthermore, compared to Clermont-Ferrand, Grenoble children lived twice as often overlooking the courtyard.
Traffic intensity and distance from the traffic lanes play a determinant role in proximity TAP levels the children were exposed to throughout their life. Thus, those who are in the higher quartile, that is to say the 25% who on average experienced more than 23% of the background level as proximity TAP level, always lived at a distance from the roadway that was significantly lower, less than 8 m at home or less than 10 m at school. The mean traffic intensity to which they were exposed was significantly higher, 39.5 and 27.5 v/h, respectively, for residences and schools. The greater the mean distance to the opposite building, the less the exposure, in accordance with the results of Raaschou-Nielsen et al. (2000) who showed that the value of this width could condition up to 50% of the value of the NO x concentrations. Conversely, average heights of residences or schools (generally lower) did not seem to influence the exposure of children to proximity traffic. Finally, the impact of topographical and traffic characteristics of residences and nursery/schools was found to be similar, although the latter are more often overlooking the courtyard. This study has proved that the ExTra index based on the modeling of atmospheric pollutant dispersion can be applied in a case-control design. The model assessed the lifelong outdoor TAP concentrations that children were exposed to, by considering both their home addresses and the nurseries and schools they attended. In spite of their young age, children included in the VESTA study moved a lot since on average they changed residence and/or school/nursery more than three times. In these conditions, the current address cannot be representative of the whole life living places. All of the teams who have used such dispersion models, with the exception of Pikhart et al. (2000) , only estimated outdoor concentrations at home without considering the exposure in front of work places or day-care centers, and therefore run the risk of misclassification. Our approach highlights significant disparities in time-weighted NO x levels in front of the children's living places, whereas the use of urban background pollution data provided by the air quality networks would not have described such diversity. What is more, the latter approach would have misclassified 40% of children for their TAP average exposure, by underestimating it in one half of cases and overestimating it in the other half. Such errors of classification, which are highly prejudicial in epidemiology, argue strongly for the use of an index such as the ExTra, which enables TAP exposure to be reconstructed within the framework of retrospective or prospective epidemiological studies.
